ABSTRACT: Astrocytes play an active role in the modulation of synaptic transmission by releasing cell−cell signaling molecules in response to various stimuli that evoke a Ca 2+ increase. We expand on recent studies of astrocyte intracellular and secreted proteins by examining the astrocyte peptidome in mouse astrocytic cell lines and rat primary cultured astrocytes, as well as those peptides secreted from mouse astrocytic cell lines in response to Ca 2+ -dependent stimulations. We identified 57 peptides derived from 24 proteins with LC−MS/MS and CE−MS/MS in the astrocytes. Among the secreted peptides, four peptides derived from elongation factor 1, macrophage migration inhibitory factor, peroxiredoxin-5, and galectin-1 were putatively identified by massmatching to peptides confirmed to be found in astrocytes. Other peptides in the secretion study were mass-matched to those found in prior peptidomics analyses on mouse brain tissue. Complex peptide profiles were observed after stimulation, suggesting that astrocytes are actively involved in peptide secretion. Twenty-six peptides were observed in multiple stimulation experiments but not in controls and thus appear to be released in a Ca 2+ -dependent manner. These results can be used in future investigations to better understand stimulus-dependent mechanisms of astrocyte peptide secretion. KEYWORDS: glia, astrocytes, secreted peptides, peptidomics, LC−MS, CE−MS, Ca 2+ -dependent stimulation
■ INTRODUCTION
Neurons and glia are the two most common cell types found in the central nervous system (CNS). Neurons play important roles in coordinating CNS activities and function. 1 Glia, although present in higher numbers than neurons, 2 have been considered as passive companions to neurons with respect to cell-to-cell signaling. Recently, however, more active roles for astrocytes, a common subtype of glia in the CNS, have been reported. They are involved in modulating nervous system circuits by integrating neuronal signals, exhibiting Ca 2+ -induced excitability, and processing signaling information. 3−6 From these landmark studies has emerged the concept of the tripartite synapse, which refers to chemical communication between the pre-and postsynaptic terminals of neurons and surrounding astrocytes. 7, 8 Like other cells, glia contain many small molecules, peptides, and proteins. Using a traditional bottom-up approach, proteomic analyses of primary cultured astrocytes have identified hundreds of proteins 9, 10 and generated a protein database to aid further studies of astrocyte function and physiology. Astrocytes have also been reported to express membrane ion channels, 11, 12 neurotransmitters, 4 and receptors 13 related to important signaling pathways in the CNS, providing the foundation for astrocyte−astrocyte and astrocyte−neuron communication. The active role of astrocytes that are intimately associated with synapses may be mediated by the release of chemical substances. For instance, recent studies have shown that astrocytes modulate synaptic transmission by releasing small signaling molecules such as glutamate, 14 ATP, 15 and D-serine 16 in response to various stimuli that evoke a Ca 2+ increase. 17 A proteomics study on astrocyteconditioned medium also revealed more than 100 proteins released from astrocytes, 18, 19 and some of these may be released through a classic vesicular mechanism. 20 In contrast to small molecules and large proteins, knowledge about peptide content in astrocytes is limited. 21−23 Traditional peptidome measurements have identified a number of endogenous peptides from brain regions that include astrocytes and neurons, 24−28 with only a few studies measuring a defined and specific cell type. 29−32 Collectively, the body of literature suggests a need for global and systematic investigations of peptides and their secretion from a defined population of astrocytes.
We used two sources of astrocytes in order to enlarge our astrocyte peptide database. More specifically, we identified peptides in mouse astrocytic cell lines and in rat primary cultured astrocytes using liquid chromatography (LC) coupled with electrospray ionization (ESI) ion-trap (IT) tandem mass spectrometry (MS/MS) and capillary electrophoresis (CE) coupled with ESI quadrupole (Qq) time-of-flight (TOF) MS/ MS. The identified astrocyte peptides were then compared to the previous peptidomics analyses of mouse brain tissue 33 and human cell lines 32 to highlight the peptides in common to both sample types.
In order to ensure that the secreted peptides were from astrocytes and not other cell types that inevitably end up in primary astrocyte cultures, we measured secretion only from the well-defined mouse astrocytic cell lines. As only a small fraction of the peptides from these cells is secreted, there is not enough sample to perform MS/MS on the secreted peptides; hence the peptides secreted from the mouse cell lines upon chemical stimulation were identified by mass-matching to the peptides identified in the same brain regions or from the same cells, similar to other recent studies. 27, 34 In addition, sensitive capillary LC coupled off-line with matrix-assisted laser desorption/ionization (MALDI) TOF MS was used to detect peptides released from the astrocytic cell lines. 25, 35 These peptides were then compared with the identified peptides from the rat cell culture homogenates in this work, and with previous peptidomics analyses of mouse brain tissue. 33 Unlike proteomics analyses of astrocyte secretion, 18, 20 no external enzymes were used in these experiments to produce the peptides.
To determine the range of peptides secreted from the astrocytes, different chemical stimuli were used to induce peptide secretion. These included ionomycin, 22, 36, 37 KCl, 38−40 serotonin, 41−43 and bradykinin, 21, 23, 44 all of which have been reported to evoke a Ca 2+ increase in astrocytes. Complex peptide profiles were observed after stimulation, suggesting that astrocytes are actively involved in peptide secretion. Twenty-six peptides observed in multiple stimulation experiments but not in controls are more likely to be the subset released in a Ca 2+ -dependent manner. These peptides can be used to guide future efforts to better understand stimulus-dependent mechanisms of astrocyte peptide secretion.
■ EXPERIMENTAL PROCEDURES Cell Cultures
Astrocyte type I cell lines (C8-D1A) derived from the cerebella of C57BL/6 mice were purchased from American Type Cell Collection (Manassas, VA) and maintained in standard Dulbecco's modified Eagle media (DMEM) with 10% fetal bovine serum (FBS) in a humidified 5% CO 2 /95% air atmosphere according to the supplier's protocol. 45 This specific astrocyte cell line was used for targeting secreted peptides upon various chemical stimulations and identifying the peptide content in these astrocytes. A primary culture was also used to help enlarge the database of astrocyte peptides for identifying the secreted peptides. Primary cultured astrocytes from rat cortical tissue were prepared as described previously. 23 Briefly, 2-to 4-day-old Long-Evans/BluGill rat pups (University of Illinois at Urbana−Champaign) were sacrificed by rapid decapitation in compliance with protocols established by the University of Illinois Institutional Animal Care and Use Committee and in accordance with all state and federal regulations. Astrocytes were isolated and maintained in tissue culture flasks in standard DMEM astrocyte media with 10% FBS and 1% penicillin/streptomycin in a humidified 5% CO 2 / 95% air atmosphere. After reaching confluence in ∼7−9 days, the cells were shaken at ∼1.9 × g at 37°C for four consecutive periods of 18 h to remove loosely adherent non-astrocyte cells, Figure 1 . Overview of the experimental design. Peptides in mouse astrocytic cell lines and rat primary cultured astrocytes were identified by analyzing the cell culture extracts with LC−MS/MS and CE−MS/MS and searching the data against the corresponding database. Peptides released from mouse astrocytic cell lines in response to various chemical stimuli were selected by comparing the control and experimental astrocyteconditioned media. The secreted peptides were identified by mass-matching to the identified peptides in astrocytes and then by sequence matching in the mouse database.
such as neurons and microglia, interspersed by ∼30 h periods of overnight recovery. Staining with a glial fibrillary acidic protein antibody (Millipore, Billerica, MA) revealed that ∼70% of the cells were astrocytes, and staining with a CD11b antibody (Abcam, Cambridge, MA) revealed that microglia were not present after shaking.
Identification of Peptides in Astrocytes
Two sample preparation protocols were separately performed on the astrocytic cell line cultures and primary cultured astrocytes for the peptidomic analyses (Figure 1 ). In the protocol for astrocytic cell lines, after reaching 80% confluence, the cells (∼10 8 cells in ∼10 culture flasks) were rinsed with serum-free medium, boiled in water for 5 min, and extracted with iced 0.25% acetic acid in the culture flasks prior to being pooled for cell pellets by scraping. 46 The homogenates were centrifuged, and the supernatant was preconcentrated with C18 spin columns (Pierce, Rockford, IL) before further analysis. For the primary culture protocol, we applied a previously published approach to study the peptidomics of cultured astrocytes from rat cortical tissue. 23 About 30 culture flasks of cells from five rats were used for culturing, sampling, and peptidome method optimization, and the results from the final culture flask, which contained the most complete identifications, are reported here. Specifically, in the optimized method, the cells were washed with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffered salt solution, extracted with 1−2 mL of 10 mM HCl, and then collected by scraping. Trifluoroacetic acid (TFA) (0.1% as a final concentration) was added, and the samples were sonicated for 2−3 min before incubation at 70°C for 20 min. The cell extracts were then centrifuged at 3300 × g for 10 min, and the supernatant was applied to a 10 kDa cutoff Centricon filter (Nanosep 10K Omega, Pall Corporation, Port Washington, NY). The flow-through was lyophilized and the sample extracts were resuspended in 20 μL of 0.1% TFA aqueous solution. The samples were further desalted with pipet tips (Perfect Pure C18, Eppendorf, Hauppauge, NY) before MS analysis.
LC−ESI-IT MS/MS and CE−ESI-Qq-TOF MS/MS were then employed for peptide identification. The LC−ESI-IT MS/ MS analysis was performed similarly to previously described protocols. 27, 47, 48 Briefly, the samples were separated by a CapLC system (Micromass, Manchester, U.K.) using a capillary column (300 μm inner diameter × 15 cm, C18 PepMap100, 3 μm particle size, 100 Å pores, LC Packings, San Francisco, CA) at a flow rate of 2.5 μL/min in a gradient generated with Solvent A (95% water and 5% acetonitrile containing 0.1% formic acid (FA) and 0.01% TFA) and Solvent B (5% water and 95% acetonitrile containing 0.1% FA and 0.01% TFA). The gradient was 2−40% B in 55 min, ramping to 80% B in 20 min, and staying at 80% B in 4 min, before coming down to 2% B. The ESI-IT mass spectrometer (HCTultra, Bruker Daltonics, Billerica, MA) was operated using EsquireControl software (Bruker Daltonics) in the mass range of m/z 50−2400 with a target mass of m/z 800. Data-dependent MS/MS was activated once the parent ion reached a specific intensity threshold (e.g., 10 4 ). The primary cultured astrocytes were also analyzed by CE− ESI-Qq-TOF-MS/MS, as previously described. 48−50 Briefly, the CE separation was achieved by the application of 20 kV at the inlet while the outlet was at ground with 1% FA as the background electrolyte. Hydrodynamic injections of 6 nL were achieved via a 15 cm height difference with respect to the CE capillary outlet. A MicroTee (Idex Health & Science LLC, Oak Harbor, WA) was utilized for the CE−ESI sheath flow interface, equipped with a grounded stainless steel emitter (130 μm inner diameter, 260 μm outer diameter, part 21031A, Hamilton Company, Reno, NV). The sheath flow (50% (v/v) methanol with 0.1% (v/v) FA) was supplied through the emitter at 750 nL/min. Ions in the mass range of m/z 300− 3000 were monitored and fragmented with a maXis ESI-Qq-TOF-MS/MS mass spectrometer (Bruker Daltonics).
DataAnalysis software 4.0 (Bruker Daltonics) was used to display the MS and MS/MS spectra and create a compound list with MS/MS after deconvolution. The data was then exported to the Biotools software program 3.1 (Bruker Daltonics) for searching with Mascot (Matrix Science, London, U.K.) against the mouse and rat Mass Spectrometry protein sequence DataBase (MSDB) and the International Protein Index (IPI) database, as well as an in-house database (http:// neuroproteomics.scs.illinois.edu/neuropred.html) of neuropeptide prohormones, followed by manual verification. Within the Mascot search, no enzyme was specified; variable modifications such as N-terminal acetylation, C-terminal amidation, pyroglutamic acid, and methionine oxidation were considered; unsuspected cleavage sites were also allowed. For the Mascot searches, the tandem mass tolerances were set to 0.55 Da for the ESI-IT MS/MS data and 0.05 Da for the ESI-Qq-TOF MS/ MS data. Those peptides with ion scores higher than 30 were accepted. Manual verification of the Mascot results considered the parent mass-matching, correct charge state assignment, and the major fragment ion matching. The peptides with lower ion scores were also manually examined for acceptance if they met the mass tolerances specified above and had more than three consecutive amino acids assigned.
Detection and Identification of Peptides Released from Mouse Astrocytic Cell Lines
The following individual chemical stimuli were used in this work: 5 μM ionomycin, 55 mM KCl, 1 μM serotonin, and bradykinin at different concentrations (100 nM, 1 μM, 100 μM, and 1 mM). Different experimental samples prepared at the same time (e.g., 100 μM and 1 mM bradykinin) shared one control sample, which consisted of the same cells, unstimulated. Therefore, a total of six controls were performed. The stimulus concentrations were selected according to previous studies on astrocyte secretion. 21−23,36−44 Bradykinin (m/z 1060.57) concentrations were varied to determine an optimal value large enough to induce a peptide profile change, while in sufficiently low concentrations to prevent interference with peptide detection. The stimulation experiments were performed when the cell line cultures reached 80% confluence. After the culture medium was removed, the cells were quickly rinsed twice with regular culture medium or serum-free medium to remove dead cells and then subjected to the corresponding regular or serum-free medium with (experimental) or without (control) the chemical stimulus in a humidified 5% CO 2 /95% air atmosphere. The regular medium was used to minimize cell alteration for stronger and lessselective stimuli (e.g., ionomycin and KCl) and for exploring bradykinin at different concentrations. The serum-free medium was employed to minimize interference from serum during MS analysis for mild stimuli (e.g., serotonin and three replicates of bradykinin at the optimal concentration). After 15 min of stimulation, the astrocyte-conditioned media were respectively collected for control and experimental samples and then centrifuged at 11,000 × g for 10 min. The supernatants were desalted and preconcentrated using a C18 cartridge (Waters, Milford, MA). The solvent of the eluent was evaporated with a Savant SpeedVac Vacuum Concentrator (Thermo Scientific, Waltham, MA). The peptides were reconstituted into an aqueous solution containing 0.1% FA and 0.01% TFA.
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The six control and 10 experimental samples were each sequentially subjected to LC−MALDI-TOF MS analysis (for a total of 16 LC−MS experiments). The samples were separated by the same capillary LC system mentioned above at a flow rate of 2 μL/min. The gradient was 3−5% B in 5 min, continuing to 30% B in 18 min, ramping up to 80% B in 3 min, and staying at 80% B for 2 min before ramping back to 3% B. Twenty-four 1 min fractions were collected between 16 and 45 min. A MALDI matrix, α-cyano-4-hydroxycinnamic acid (10 mg/mL), was used for measurements with the MALDI-TOF/TOF mass spectrometer (Ultraflex II, Bruker Daltonics) in the mass range of m/z 800−5000. FlexAnalysis software 3.0 (Bruker Daltonics) was used for data analysis. Peptides observed in each experimental sample were compared with the combined peptide list from all of the control samples. Peptide level changes between the control and experimental samples were not considered in this work. Therefore, the experimental peptides that were mass-matched to the control peptides within 0.30 Da were subtracted from the peptide list of experimental samples. The remaining peaks in the experimental samples were then manually verified based on peak intensity (e.g., >10
3 ), signal-to-noise ratio (e.g., >3), and isotopic distribution. Only the verified peaks in the experimental samples were massmatched to the peptides identified above from the astrocyte cell lines/primary cultures within 0.50 Da and to the theoretical masses of the peptides in the previous peptidomics analysis of mouse brain tissue 33 within 0.30 Da for peptide identities. If the mass of a secreted peptide from the mouse astrocytic cell lines matched the identified peptide in the rat primary cultured astrocytes, the sequence of this peptide had to be consistent between mouse and rat in order to be considered a positive identification.
■ RESULTS AND DISCUSSION
Peptidomics studies on the nervous system advance our understanding of the biochemical milieu of one of the most intricate, complex, and demanding organ systems. Traditional peptidomics approaches often sample the entire brain or specific regions to determine peptide content in various cell types, predominantly neurons and glia. 24−28 More focused approaches investigate enriched cell species or individual cells. 29−32 Here we modified traditional peptidomics approaches to analyze peptides present in astrocyte cell cultures, identifying a total of 57 peptides (Table 1 and Figure S1 , Supporting Information). These peptides and their protein precursors were compared to the ones reported in previous peptidomics analyses of mouse brain tissue 33 and human cell lines. 32 Because molecules released in a physiologically dependent manner are more likely to be involved in cell−cell signaling, 21 ,23,28,51 multiple chemical stimuli reported to induce a Ca 2+ increase in astrocytes were applied to the astrocyte cell lines for the peptide secretion studies. Among the released peptides, four were mass-matched to the identified astrocyte peptide list (Table 2 ) and 59 to peptides previously identified in mouse brain tissue. 33 The four peptides were further compared to the peptides identified in previous peptidomics investigations on mouse brain tissue and protein precursors in astrocytes. Finally, the complex peptide profiles induced by different chemical stimuli were summarized (Table S1 , Supporting Information), suggesting that astrocytes are actively involved in peptide secretion. Twenty-six peptides observed in multiple stimulation experiments but not in controls are more likely to be the subset released in a Ca 2+ -dependent manner.
Peptides in Astrocytes
Peptide extracts from mouse astrocytic cell cultures and rat primary cultured astrocytes were analyzed by both LC−ESI-IT MS/MS and CE−ESI-Qq-TOF MS/MS. A number of compounds in the peptide mass range were detected, among which 57 peptides were unambiguously identified by database search (Table 1) . A representative peptide identified by ESI-IT MS/MS is shown in Figure 2 . Although we cannot rule out the possibility that some peptides may have resulted from proteasecatalyzed protein degradation during the extraction procedure, most are not likely to be protein degradation products because the sample preparation protocols we used here are common to peptidomics analyses. 23, 46 During the sample preparation, protease activity was heat-inactivated prior to sample processing and large proteins were removed before LC−MS analysis.
Previous studies have reported the observation of several prohormone transcripts 52−55 and the presence of neuropeptide processing enzymes such as carboxypeptidase E 56 and peptidylglycine alpha-amidating monooxygenase, 57, 58 indicating that astrocytes have the potential to process prohormones in order to produce classically processed neuropeptides. However, only a limited number of neuropeptides have been reported. 23, 59 In addition, carboxypeptidase E is secreted from astrocytes, 56 which raises the possibility that neuropeptide processing in astrocytes is distinct from neurons or that peptide processing could be affected by the astrocyte state and/or environment.
In typical neuropeptidomic measurements, both prohormone-derived peptides and protein products are detected. Here the astrocyte peptides were derived from proteins. Although some of the identified peptides were produced by cleavages of proteins at basic sites (e.g., lysine or arginine), most were N-or C-terminal peptides from proteins. This observation has been reported before. 33, 60 Because general protein degradation is expected to produce a broader spectrum of protein fragments, these peptides may be selectively generated. Common posttranslational modifications such as N-terminal acetylation have also been identified on some of the peptides; these modifications may stabilize the peptides compared to their protein degradation counterparts. 61 In general, the identified astrocyte peptides have features similar to those of non-classical neuropeptides derived from proteins, with the term nonclassical indicating that they are not processed from prohormones through the classical secretory pathway; such peptides have been discussed in the literature with regard to neuropeptidomic investigations of biological tissue. 33, 60 One feature is that a common cleaved amino acid residue is alanine, and the cleavages frequently occur at hydrophobic residues such as leucine. If proteins are selectively processed in astrocytes, one would expect to find the corresponding processing enzymes in astrocytes. The calpains, a class of calcium-activated cytosolic enzymes, may be candidate enzymes because they are known to cleave proteins, often at hydrophobic sites, and have been reported in astrocytes. 62, 63 However, a recent study on human cell lines identifying similar peptides showed that calpains are not involved with peptide production. 32 Further studies are needed to identify the enzymes involved in the formation of the peptidome of astrocytes.
Most previous neuropeptidome studies have used brain tissue homogenates that included both glia and neurons; thus, the possibility that astrocyte peptides have contributed to prior neuropeptidomics characterization studies should not be neglected. Thirteen out of 24 protein precursors and eight out of 57 peptides in this work (as shown in Table 1 ) were also found in the previous peptidomics analysis of mouse brain tissue. 33 In addition, a recent study revealed considerable overlap in the peptidomes of three human cell lines (HEK293, MCF7, and SH-SY5Y). 31 Ten of 24 protein precursors and four of 57 peptides detected in this work were also found in human cell lines (Table 1) . On the one hand, it is interesting to observe the same protein precursors and even the same processed peptides detected with 100% sequence conservation across different species. For example, the N-terminal peptide of heat shock 27 protein with acetylation was identified only in the MCF7 cells, but not in the HEK293 or SH-SY5Y cells. 31 The same peptide was identified in the rat primary cultured astrocytes here. Similarly, the C-terminal peptide of peroxiredoxin-5 reported in HEK293 and MCF7 was identified in the mouse astrocytic cell lines in this study. On the other hand, some peptides from common protein precursors have not been reported in previous peptidomic studies. This lack of prior detection may be from differences in sample preparation or the measurement process; alternatively, perhaps these peptides were not detected in the peptidomes of brain tissue homogenates that included astrocytes, other glia, and neurons because they were lost by including the peptides from nonastrocyte cells. Our results on specific astrocyte cell populations provide evidence for the presence of peptides in astrocytes. Further studies are needed to determine the pathways and potential physiological functions of these peptides derived from proteins.
Stimulation-Dependent Peptide Release from Astrocytes
The identification of astrocyte peptides has resulted in the creation of a data set of potential signaling molecules. The study of stimulation-induced peptide release from astrocytes is of particular interest because peptides released in a physiologically dependent manner are more likely to be involved in cell− cell signaling. A variety of chemical stimuli known to trigger a Ca 2+ increase in astrocytes were applied to the astrocyte cell line cultures: ionomycin, 22, 36, 37 KCl, 38−40 serotonin, 41−43 and bradykinin. 21, 23, 44 By comparing the peptide content of astrocyte-conditioned media with and without chemical stimulation, we were able to study the stimulation-dependent release of peptides.
Because secreted peptides are in low abundance, neither a labeling or label-free quantitation protocol enabled satisfactory quantitative analyses. Therefore, this secretion study did not include quantitative measures of peptide level changes. Instead, we focused on the peptides that were released and detected in the post-stimulated astrocyte-conditioned medium, but not in the associated controls. Although the control and experimental samples were prepared and analyzed in parallel, given the possible variations in biological samples and sample preparation/detection, we made a full list of peptides from all the control samples. In this list, ∼40% of the peptides were observed more than once among the controls. The peptide contents from each experimental sample were compared with this combined control peptide list, and the peak observed in any control was subtracted from the experimental peptide contents. Accordingly, a total of 26 peptides were observed in more than one experimental sample. These peptides are of great interest for astrocyte peptide secretion studies due to the high possibility of their release in response to chemical stimuli in astrocytes (Table S1 , Supporting Information). Although more experiments are needed to confirm that some of the peptides observed only once in the experimental samples were released in a stimulation-dependent manner, we included all of these peptides to aid follow-up studies.
Compared to ESI-IT and ESI-Qq-TOF MS, LC−MALDI-TOF MS has better detection limits and yields only singly charged ions, which results in less complex spectra. 25, 27, 30 Therefore, we employed LC−MALDI-TOF MS to investigate the peptide (m/z 1000−3000) differences in the astrocyteconditioned media with and without chemical stimulation. The resulting stimulation-dependent secreted peptides were then mass-matched to the peptides identified in astrocytes in this work and those in the previous peptidomics analysis of mouse brain tissue. 33 Since mouse astrocytic cell lines were used to target the secreted peptides and both mouse astrocytic cell lines and rat primary cultured astrocytes were employed to create an astrocytic peptide database, the sequences of mass-matching rat peptides were confirmed to also be present in the mouse database.
The chemical stimuli used in this study have been reported to trigger a Ca 2+ increase in astrocytes. 21−23,36−44 Ionomycin is known as an ionophore that forms pores in the membrane, allowing extracellular Ca 2+ to enter into cells. 64, 65 Elevated levels of extracellular K + are known to depolarize astrocytes and increase the permeability of gap junctions. 40 We observed that both 5 μM ionomycin and 55 mM KCl caused detachment of some cells in the mouse astrocytic cell line cultures. One peak (m/z at about 1605.90) was observed in both the ionomycin and the K + post-stimulation media, and this peak has been putatively identified as a peptide derived from galectin-1 (discussed below).
Bradykinin is a selective stimulus as it induces an increase of internal Ca 2+ in astrocytes but not in neurons. 44 In this work, the astrocyte cell line cultures were exposed to different concentrations of bradykinin. No differences in the peptide mass range were observed in the post-stimulated medium with 100 nM bradykinin stimulation compared to the control sample, which is consistent with previous data. 23 Here, 1 μM bradykinin was selected for further analysis with serum-free medium (instead of 100 μM or 1 mM) because this concentration proved optimal for inducing astrocyte secretion and caused minimal interference with the MS detection. Although more experiments are needed to better target the specific peptides released by bradykinin stimulation, our study provided initial results on this. For example, a peak (m/z at about 1076.76) putatively identified as an internal peptide derived from phosphatidylethanolamine-binding protein was observed in all five bradykinin-stimulation experiments (Table  S1 , Supporting Information). Another three peptides derived from the same protein were respectively observed in three out of five bradykinin stimulation experiments, one out of five bradykinin-stimulation experiments, and a KCl-stimulation experiment, lending credence to this protein being involved in astrocyte release. In addition, the N-terminal peptide whose sequence is conserved between rat and mouse from this protein was identified in astrocytes. This combined evidence suggested that phosphatidylethanolamine-binding protein could be a precursor of the "non-classical neuropeptide" as discussed above. Similar to bradykinin, serotonin, a neurotransmitter and secretagogue in the CNS, 66 can be taken up by astrocytes 43 and causes an increase of intracellular Ca 2+ concentration. 41, 42, 67 Among the seven peptides observed in both bradykininstimulation and serotonin-stimulation, one was putatively identified as a peptide derived from procholecystokinin. Four mouse peptides were identified in the profile of astrocyte secretion, as shown in Table 2 . The protein precursors of these four peptides are not in the list of proteins identified in previous proteomics studies of astrocyteconditioned medium, 18−20 indicating that these peptides are likely to be stimulation-dependent. Two of the four observed peptides were reported in a previous neuropeptidomics study on brain tissue extracts. 33 These peptides are the N-terminal peptide of elongation factor 1 beta and the peptide cleaved at leucine of the macrophage migration inhibitory factor. Although elongation factor 2 has been reported to be in and secreted from astrocytes, 9,10,18−20 no similar information is available for elongation factor 1. The presence of these two peptides in brain tissue, isolated astrocytes, and astrocyte stimulation-dependent secretion and the absence of their intact proteins in the previous astrocyte protein secretion studies suggest that the two peptides are processed in astrocytes and released in a Ca 2+ -dependent manner. One of the other two peptides is the C-terminal peptide of peroxiredoxin-5. This specific peptide was not observed in previous neuropeptidomics studies, but different peptides derived from peroxiredoxin-5 have been reported in brain tissue extracts. 33 These may have resulted from peptide processing differences related to cell environments; our work is based on isolated astrocytes, while the previous neuropeptidomics investigation 33 was done with brain tissue in which both glia and neurons were present. In addition, although peroxiredoxin-5 and -6 were identified in astrocyte proteomics studies, 9,10 only peroxiredoxin-1, -2, -3, and -4 were reported in astrocyte secretion studies. 18, 20 Here, we observed that a peptide derived from peroxiredoxin-5 was secreted from astrocytes upon stimulation. Finally, we observed an intriguing peptide derived from galectin-1, a multifunctional glycoprotein previously reported to be present in astrocytes but not in neurons. 10, 68 The peptide is produced by the cleavages of the N-terminus of arginine and C-terminus of leucine when astrocytes are stimulated. While galactin-3 has been reported in astrocyte protein secretion, 18 no evidence supporting the secretion of galactin-1 was available prior to this study.
Fifty-nine peptides secreted from the mouse astrocytic cell lines were mass-matched to peptides previously identified in mouse brain tissue (Table S1 , Supporting Information). Some of these peptides are derived from the proteins (e.g., phosphatidylethanolamine-binding protein and peptidyl-prolyl isomerase A) from which different peptide segments have been identified in mouse astrocytes (Table 1) . Interestingly, some peptides are derived from neuropeptide precursors such as proenkephlin, prosomatostatin, and proSAAS. Although MS/ MS data on the corresponding peptides is needed to confirm the peptide identities, the existence of the transcripts of proenkephlin and prosomatostatin 53−55 in astrocyte cultures and proSAAS in the astrocyte secretion proteome 18 supports these putative identifications.
The potential functions of the astrocyte peptides secreted in a Ca 2+ -dependent manner are not necessarily related to the known functions of their protein precursors and are the subject of future studies.
■ CONCLUSIONS
We have identified 57 astrocyte peptides, four of which were likely released from astrocytes in response to chemical stimuli. In the secretion study, 26 peptides were observed in more than one stimulation sample, and 59 were mass-matched to peptides previously identified in mouse brain tissue. Our results demonstrate that peptides derived from proteins may play an important role in astrocyte-mediated, cell-to-cell communication, and that the secretion of peptides may be induced by Ca 2+ -related mechanisms. While it has been challenging to identify the observed secreted peptides due to their low concentrations in a complex medium, future work will employ larger-scale sample enrichment methods and more sensitive characterization techniques. In this work, we focused on isolated astrocytes. Applying the techniques presented in this study to context-specific secretion will provide information regarding the intricacies of glia-to-neuron communication.
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